ABSTRACT The maintenance of integrity of the gastrointestinal tract is an important aspect for animal productivity, since it is able to absorb nutrients more efficiently and serves as a barrier against microorganisms. To control agents detrimental to intestinal integrity, growth-promoting antibiotics (AGP) are used, which reduce the number of toxin-producing microorganisms in the intestinal lumen, acting as anti-inflammatory agents. There is a demand for restriction of use of AGP in animal feed, but there are few studies showing what parameters we should observe to search for alternative additives. The aim of this study was to establish histological parameters that explain the effect of enramycin as growth promoter on intestinal health in broilers challenged with Eimeria and Clostridium perfringens. The zootechnical performance and the histology by I See Inside (ISI) methodology were evaluated on liver and ileum samples. Chickens challenged without AGP have the worst BWG, FCR, and histological ISI score (ISI score 9) in the ileum compared to non-challenged (ISI score 5). The use of enramycin on challenged group significantly minimized the ISI score in the ileum at 21 and 28 d (ISI score 7.4 and 8.0, respectively) compared with the challenged group not fed with enramycin (ISI score 9.2 and 9.9, respectively), associated with reduced lamina propria thickness and inflammatory cell infiltration. We suggest these 2 histological parameters as a standard to compare products for gut health.
INTRODUCTION
An important aspect regarding animal productivity is the maintenance of integrity of the gastrointestinal tract (GIT), since it is responsible for absorbing nutrients efficiently as well as it serves as a barrier against microorganisms (Neish, 2002) . Thus, maintaining the integrity of the GIT prevents the establishment of enteric diseases, improves performance, and reduces mortality (Droleskey et al., 2014) . Gut microbiota have a significant effect on host nutrition, health, and growth performance (Mountzouris et al., 2010) . This hostmicrobiome interaction is influenced by the composition and function of the gut microbiota, affecting positively or negatively the health and growth of birds. To control agents detrimental to intestinal integrity, growthpromoters antibiotic (AGP) that promote significant benefits to animal performance are therefore used (Esceli and Demir, 2010) .
The performance improvement caused by AGP is associated with a modification of the gut microbiota that promotes a greater balance of the microbial population, since it reduces the number of microorganisms that produce toxins in the intestinal lumen (Dibner and Richards, 2005) , but it was interpreted by Niewold (2007) as a direct anti-inflammatory agent.
Despite these benefits to animal production, some countries have banned the use of these AGP due to risks to human health caused by the presence of residues in products with animal origin and due to the possibility of inducting bacterial resistance (Torok et al., 2011) . Although the idea that withdrawing AGP could reduce the risk of creating antibiotic-resistant bacteria is quite attractive, Jensen and Hayes (2014) demonstrated that although the withdrawal of AGP improved health and welfare problems in swine in Denmark, it also resulted in a 10% increase in the use of therapeutic antibiotic on the first year after AGP banned.
On the other hand, a meta-analysis study from Laxminarayan et al. (2015) has shown that efficiency of antibiotics as growth promoters is not as evident as thought in studies from the 2000s compared to literature from the 1980s for poultry production. According 2287 to the authors, the production response to use of AGP is reduced when production conditions are optimized (good housing, hygiene, and optimal nutrition).
The AGP ban in Europe has highlighted the growing need for alternatives to antibiotic supplementation as a way of preventing necrotic enteritis (NE) in poultry. Despite decades of research, NE remains one of the major challenges in the poultry industry, and it has been associated with extensive production losses worldwide. NE is a type of enterotoxaemia caused by an anaerobic, Gram-positive and spore-forming bacterium from the specie Clostridium perfringens, a common but health threatening commensal in poultry (Van Immerseel et al., 2004 ). An outbreak of NE in broilers often results in high mortality rates and reduces growth performance (McDevitt et al., 2006) . This disease causes a loss in world poultry industry of US $2 billion per year in performance and in medicine cost (Lee et al., 2011) . The acute form leads to sudden increases in mortality rates, while the subclinical form causes loss of performance due to intestinal damage such as focal necrosis of the mucosa (Van Immerseel et al., 2004; Williams, 2005) .
Although Clostridium perfringens is clearly the pathogen involved in NE, both field experience and experimental efforts to reproduce the disease have shown that the onset of NE is a complex process requiring one or a number of predisposing factors rather than the solo presence of the pathogenic C. perfringens strains (Neish, 2002) . In experimental disease challenges, it is necessary to introduce predisposing factors, such as Eimeria co-infection, control immunosuppression, or deliberately stress the birds in order to produce clinical symptoms in a substantial number of challenged birds (Collier et al, 2008; Shojadoost et al., 2012 , Mesa et al., 2014 Prescott et al., 2016) .
The importance of coccidiosis triggering NE is due to the lesions in the intestinal mucosa caused by the parasite that facilitates the adhesion and replication of C. perfringens and the production of toxins (Van Immerseel et al., 2004) . In addition, infection with Eimeria sp. strains causes an elevation of mucogenesis. Since C. perfringens can use mucus as substrate, growth is then enhanced (Van Immerseel et al., 2004; Collier et al., 2008) . After the AGP ban in European countries, the incidence of NE has increased on broiler farms (Casewell et al., 2003) The aim of this study was to establish histological parameters that explain the effect of enramycin as growth promoter on intestinal health in broilers challenged with Eimeria and Clostridium perfringens. 
MATERIALS AND METHODS

Animals, Experimental Design, Diet, and Housing
A total of 240 male broiler Cobb 500 aged from one to 28 d was used. The experiment followed a randomized design, with 10 replicates of 8 birds for each of the 3 treatments: T1) negative control non-challenged group (NC); T2) positive control group challenged with Eimeria sp. and Clostridium perfringens without AGP (PC); and T3) Eimeria sp. and Clostridium perfringens challenged with AGP (Enramicyn 10 ppm PC+AGP).
The trial was conducted in disinfected isolated rooms, under negative pressure, containing vertically stacked cages (replications) with sterilized wood shaving as litter (to avoid external contamination), nipple drinkers, and controlled temperature and photoperiod. Animals were maintained at a comfortable temperature according to their age, with feed and water ad libitum. The diet was a corn and soybean based mash that followed Brazilian nutritional recommendations for poultry (Rostagno et al., 2011) .
Challenge
On the first d of age, all birds of the challenge groups (PC and PC+AGP) received anti-coccidial vaccine. The doses were administrated by gavage and were 15 times higher than the manufactured recommendation [7.1 ± × 10 4 oocysts per bird Bio-Coccivet R R -Laboratório Biovet Brazilian Laboratory, E. acervulina, E. brunetti, E. maxima, E. necatrix, E. praecox, E. tenella e E. mitis, isolated in Brazilian field and grown in specific pathogen-free (SPF) birds]. At 10, 11, and 12 d of age, an inoculum of 10 8 cfu/mL/bird of Clostridium perfringens was also administered by gavage.
Performance
At one d of age, birds were separated into treatments in a way that initial body weight average was similar in all cages selected for each treatment, in order to obtain equal initial body weight average per cage. Birds and feed were weighed weekly (zero, 7, 14, 21, and 28 d) to evaluate feed intake (FI), body weight gain (BWG), and feed conversion ratio (FCR).
Histological Analysis
On d 14, 21, and 28, 10 birds per treatment were euthanized by cervical dislocation. Samples of liver and ileum were collected and fixed in Davidson's solution (100 mL glacial acetic acid, 300 mL 95% ethyl alcohol, 200 mL 10% neutral buffered formalin, and 300 mL distilled water) for at least 24 hours. All samples were dehydrated, infiltrated, and embedded in paraffin following common histological routine. Blocks were cut in 5 μm sections and stained with hematoxylin and eosin associated with Alcian Blue for goblet cells staining 1 Maximum score represents the sum of all alterations according to the formula ISI = Σ(IF * S), where IF = impact factor (previous fixed) and S = Score (observed) considering the maximum observed S. For example, the lamina propria thickness has IF = 2; this number will be multiplied by observed score (range from 1 to 3), if in a villus, a score S = 3 (maximum score) was observed for lamina propria thickness, so the ISI for this parameter in the villi will be ISI = (2 * 3) = 6. The average of 20 villi in the ileum or 10 fields in the liver for each bird will be the final ISI value for each bird. (Rapp and Wurster, 1978) . For intestinal morphology, one slide and 20 intestinal villi per bird were observed in 10X magnification (using 20X and 40X magnification to confirm alterations) under optical microscope (Nikon Eclipse E200, Sao Paulo, Brazil). For liver samples, 10 fields in 10X objective per bird were evaluated. The I See Inside (ISI) methodology was adapted from Kraieski et al. (2017) , and evaluation parameters are presented in Table 1 . The ISI methodology in process of patent (INPI BR 1020150036019) is based on a numeric score of alteration. In this methodology, an impact factor (IF) is defined for each alteration in macroscopic and microscopic analysis, according to the reduction of organ functional capacity, based on previous knowledge from the literature and background research (i.e., necrosis has the highest IF because the functional capacity of affected cells is completely lost). The IF ranges from 1 to 3, with 3 being the most impacting to organ function. In addition, the extent of each lesion (intensity) or the observed frequency compared to non-affected organ is evaluated in each organ/tissue with score (S) ranging from 0 to 3: score 0 (absence of lesion or frequency), score 1 (alteration up to 25% of the area or observed frequency), score 2 (alteration ranges from 25 to 50% of the area or observed frequency), and score 3 (alteration extends to more than 50% of the area or observed frequency). To obtain the final value of the ISI index, the IF of each alteration is multiplied by the respective score number, and the results of all alterations are summed according to the formula ISI = Σ(IF * S), where IF = impact factor and S = Score. For example, the lamina propria thickness has IF = 2, and this number will be multiplied by the observed score (ranging from 1 to 3); if a score S = 3 (maximum score) was observed for lamina propria thickness in the villi, so the ISI for this parameter in the villi will be ISI = (2 * 3) = 6. The average of 20 villi observed in each bird will reach the final value for this parameter, and the sum of the average of all parameters presented in Table 1 will give the total ISI value for this specific bird (each bird is a replicate for statistical analysis).
Statistical Analysis
Data were presented as mean ± standard error. At first, data normality was verified using the ShapiroWilk normality test. Rates were compared using oneway analysis of variance (ANOVA) followed by the Tukey test (P < 0.05) for parametric data. For performance, each cage was used as an experimental unit, while for the remaining analysis, each bird was used as an experimental unit. All analyses were performed by Statistix 9 software for Windows.
RESULTS
The feed intake was not significantly different among treatments (data not shown). The NC group presented significantly higher BWG in comparison with PC group at periods 1 to 14 d, 1 to 21 d and 1 to 28 d of age (P < 0.05), and there was no significant difference between PC+AGP and the other groups (Figure 1 ). The NC group showed significantly better results at FCR compared with the PC group at periods 1 to 7 d and 1 to 21 d of age (P < 0.05), and there was no significant difference between PC+AGP and the other groups (Figure 2 ). There was no difference among the treatments during the other periods.
According to the results, the efficacy of the Eimeria sp. and C. perfringens challenge was verified not only by performance but also by histological analysis ( Figure 3 ). Using ISI histological evaluation in the liver, the NC group presented lower total ISI score for all periods when compared with the challenged groups (P < 0.05) (Figure 3 A) . The PC and PC+AGP groups presented higher ISI scores (P < 0.05) as a consequence of immune cell infiltration and congestion (Figure 4 ). In the ileum at the age of 14 d, the NC group presented a lower ISI score when compared with PC and PC+AGP groups (P < 0.05). However, at d 21, NC and PC+AGP groups had no significant difference between them, and both presented significantly lower ISI total scores when compared to the PC group (P < 0.05). At 28 d, the PC+AGP group presented a higher ISI total score compared with the NC group (P < 0.05), but lower ISI total score compared with the PC group (P < 0.05) (Figure 3 B) . The PC group presented the highest ISI total scores (i.e., more tissue lesion) due to cell plasma infiltration on the epithelium and due to lamina propria inflammatory cell infiltration, causing an increase of goblet cells and presence of oocysts for all periods (P < 0.05) (Figure 5 ).
DISCUSSION
The acute phase of the immune response is related to systemic and metabolic changes and acts as the first defense mechanism (Klasing, 2004; Kogut and Klasing, 2009 ). Self-maintenance entails defending molecules from damage, removing deteriorated or misplaced molecules and cells, preventing excessive proliferation of cells, and defending tissues from pathogens. The consequences of self-maintenance include a decrease in animal productivity (Klasing, 2009 ).
Immunological stress caused by a disease or infection challenge has a rather profound and significant effect on FI, consequently affecting BWG and FCR (Jiang et al., 2010; Ferket and Gernat, 2006) . In the present study, although we did not observe a difference in FI, we did observe that the challenged group presented lower BWG from 1 to 14 d, 1 to 21 d, and 1 to 28 d as well as worst FCR at 1 to 7 d and 1 to 21 d periods when compared to the NC group; 10 ppm of enramycin in the diet did not show a difference between NC and PC groups. These results could be linked to the Eimeria sp. cycle (Allen and Fetterer, 2002; Shirley and Lillehoj, 2012) used as a challenge. The damage in the intestinal mucosa caused by Eimeria sp. and C. perfringens challenge leads to a decrease in digestion and absorption (400X) ; B) inflammatory cell infiltration (circle) and congestion (arrows) of the liver in the challenged group (PC) (400X). These changes contributed to the highest (P < 0.05) ISI index in Eimeria sp. and C.perfringens challenged group at 21 d of age. (Hofacre et al, 2003) , but it is also associated with inflammation, which reduces FI and increases energy demands (Kogut and Klasing, 2009 ). Kraieski et al. (2017) found a significant (P < 0.05) negative correlation (r = −0.72) between immune cell infiltration on the liver and BWG on Eimeria sp. challenged broilers. This may explain the inflammatory process on the liver and ileum and the lower productivity performance of broilers observed in the present study.
The enramycin is a polypeptide antibiotic that acts in the Gram-positive bacteria cell wall biosynthesis, and it is not expected to have an effect on Eimeria sp. control. This could explain the mild effect of this AGP on animal productivity in Eimeria sp. challenged birds. Both Kamran et al. (2013) and EI-Husseiny et al. (2008) have shown that broilers fed with enramycin as AGP in their diet, significantly increased BWG and FI and improved FCR of broilers not challenged with Eimeria sp. or C. perfringens. Niewold (2007) suggested that the antibiotic growth promoters actually reduce inflammatory response by sparing the immune system, and, in our study, we intended to establish this effect by evaluating histological sections. Microscopic examination of the intestine of broilers at early stages of necrotic enteritis showed strong inflammatory reactions to C. perfringens. Ac- cording to Olkowski et al. (2006) the lamina propria is hyperaemic and infiltrated with numerous inflammatory cells, mainly heterophilic granulocytes. Most of the significant early changes are seen at the interface of the basal domain of enterocytes and lamina propria. These areas are extensively edematous, allowing for substantial disturbance of the structural integrity between the lamina propria and the enterocytes. In our study, we evaluated and observed similar histopathological alterations (increase in lamina propria thickness, lamina propria inflammatory infiltration, and congestion), but we translated these histologic observations into numbers. In challenged groups, we observed higher ISI histological scores in the liver and in the ileum associated with the inflammatory process as an increase of immune cell infiltration and edema.
In a previous study in our laboratory applying ISI methodology, where Eimeria sp. vaccine and aflatoxin challenge were used, the highest ISI associated with inflammatory reaction was observed at d 14 (Kraieski et al., 2017) . In the present study, Figure 5 shows the ileum mucosa of birds at d 14. It is possible to observe the presence of coccidian parasites in different developmental stages in the challenged groups ( Figure 5B and 5C), inflammatory cell infiltration on mucosa and epithelium, and increase in goblet cell, which indicate that ISI methodology would also be a good tool to evaluate Eimeria sp. immune reaction. There is no effect of enramycin for the ISI histological parameters for this period of the evaluation.
In fact, enramycin was not expected to have a direct effect on Eimeria sp., but the 10 ppm of enramycin in the diet reduced significantly (P < 0.05) the inflammatory cell infiltration on the lamina propria and the lamina propria thickness (Figure 6 ) on the ileum at 21 and 28 d, compared with the challenged group without AGP (PC group). In the PC group, we did observe ( Figure 6 ) an increase in lamina propria and epithelial thickness, and inflammatory cell infiltration on the epithelium and lamina propria at 21 d, and all these alterations plus an increase in goblet cell and the presence of oocysts at 28 d, in comparison to the NC group. The use of AGP is consistent with reduced inflammation because of reduced influx and accumulation of inflammatory cells (Larsson et al., 2006) .
Despite other segments of the small intestine possibly being affected by Eimeria sp., the ileum was chosen for this evaluation because it was supposed to be the segment most affected by the association of Eimeria sp. + C. perfringens challenge.
In the liver, we did not observe any effect of the enramycin from the diet on the inflammation process as we observed in the ileum, which suggested a local effect. Clostridium perfringens induces hepatitis (Lovland and Kaldhusdal, 2001 ), and we did not observe reduction on hepatitis in the challenged group fed with AGP. Although we did not evaluate the minimum inhibitory concentration (MIC) of enramycin for the C. perfringens strain used, Redondo et al. (2015) described a MIC of 2 to 8 ppm of enramycin for a poultry-isolated C. perfringens strain from Argentina.
The challenge used in this study was an association of Eimeria sp. and C. perfringens, and many alterations on the microbiome and its relationship with host immune response are expected. It is important to have more studies in this area to establish if the effect of enramycin is due to a single antimicrobial, antiinflammatory effect or an association of both mechanisms.
We could observe that Eimeria sp. and Clostridium perfringens challenge and ISI methodology allowed us to numerically compare the effect of different treatments on gut health. The use of enramycin as AGP reduced the lamina propria thickness and inflammatory cell infiltration at the lamina propria compared to challenged birds without AGP. We can infer that the lamina propria thickness and inflammatory cell infiltration at the lamina propria are good parameters to be evaluated when we intend to compare the effect of AGP and other AGP alternative products on intestinal health.
